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INTRODUCTION 

The reciprocatine or plunger type of pimp is used 
to a greater extent than any other form for the handling 
of water and various other fluids* It is found from 
the smaller, hand operated, sizes to the immense pumps 
used in supplying water for our large cities. 

In the smallest sizes the question of the efficiency 
or the losses in the pump itself is an unimportant one 
because the total energy supplied is insignificant. But 
the saving effected by a few percent change in the effi- 
ciency, as the size increases, maizes the analysis of the 
losses an important problem. ^ 

The losses in an ordinary reciprocating pump may 
be classified as follows:- 

1.- The mechanical losses of the pump itself due 
to friction in the gears, bearings, stuffing boxes and 
plunger packing. 

2.- Leakage losses through the closed valves and 
around the plunger. 

3.- Water frictional and eddy losses in the pass- 
ages of the pump. 

4.- Losses due to accelerating ana retarding the 
water columns. 

5.- Losses in the suction and discharge valves due 
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to restricted passages, sudden turns and to the rushing 
back of the water before closure. 

Most of the losses have been pretty carefully stud- 
ied, and the laws governing them under varying conditions 
established as well as the proper range they should have 
under good operating conditions* 

While current practice has approximately fixed the 
value of the valve losses, this is the result largely 
of practical experience and the laws governing the act- 
ion of the valves under various conditions are but im- 
perfectly understood* 

The experiments herein described were undertaken 
primarily to study the la^s governing the valve motion 
to the end that its action under any given set of con- 
ditions co^'.ld be better forseen. In audition the scope 
of the problem was made to include an analysis of the 
various pump losses and a comparison of these under the 
different operating conditions* 

It was thought best to use the pump without altera- 
tions other than those found necessary to put it in good 
running condition. While this has in some cases obs- 
cured to a degree the law of action of the valves, it 
has better enabled us to approach the true conditions 
existing in practice. 
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TIIEORY 

We have not been able to find an adequate discuss- 
ion of the theory of valve action in English. Neither 
have we found published reports of tests of pump valves^ 
Qxcept some three or four articles refered to in the 
bibliography that are quite limited in the field they 
cover* A number of articles deal with special forms 
of valves which the designers advocated or used from con- 
siderations of experience in pump operation. 

German and French technical literature contains a 
number of articles dealing with the theory of valve act- 
ion and also others describing tests of pump valves in 
operation. 

The following discussion is taken largely from a 
discussion by H. Berg. (See "Die Pumpon" 3rd edition o^ 
"Zeitshrift des Vereines ueutcher ] ngenieure", Vol. 40, 
pg. 1093 July 1904) 

Theory of Valve Action for Crank and Flywheel Pumps 

Funaaiuental Considerations 
We \7ill consider the discharge valve of a single 
acting pump. 
* Let F = Area of piston . 

^ = Velocity of piston • 
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^;j^ = Area of the ^ree opening of the valve 
seat 



Ct - 



Then 



1 = Veloct^^^ n-p m-'j-^^r- through valve seat 



Pi 



(1) fic^^ = p u^ or ci = ^ 

The velocity of water in the v;'.lve seat is thus pro- 
portional to the velocity of the piston and increases 
from zero to a inaximuii ana back to zero in unison with 
the piston velocity* Corresponding to the variation 
of the velocity of the water the valve is lifted from 
its soat, rises to a certain height and then drops back 
again on its seat. The law of the valve motion is thus 
based on the law of the piston motion* 

Before ascertaining the law of valve motion more 
accurately it will be ivell to learn the general charact- 
er of valve motion by means of simple formulae neglect- 
ing certain features. For this purpose we will neglect 
the displacement of the valve itself throughout a dis- 
charge stroke anu assume furthermore that it floats at 
rest on the stream of water. -^^^^ in each moment the 
same quantity of water is discharged through the valve 
opening as is discharged through the valve seat. 

Let h = valve lift 

1 = circumference of the valve 

c = velocity of the water discharging through 

the valve lift o:)ening. . - j 
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a ss coefficient of contraction, which is viiri- 
able vrith the lift but is assumed 
indepenuent of the velocity of 
efflux* 

From the foregoing the following relation holds 

(2) a c 1 h = fici 
or with equation (1) 

(3) a c 1 h = P u 

which means valve discharge is equal to piston displace- 
ment • 
Transposing 

(4) h = a c 1 

Considering for the present a connecting rod of infinite 
length, the piston velocity 

(5) u = w r sin jS 
2irn jrn 

where w = 60 = ZO 

n = Revolutions per minute 

r = The cra:I< radius 

p = Anple the crank makes with its dead center 
position. 

Oombinlng equations (4) and (5) we obtain 
P r w 

(6) h = sin ^ 

a c 1 

JVom v/hich it follows, if the coefficient a is constant 
and the velocity c does not vary, that the valve lift- 
is proportional to the sine of the crank angle* 
v^hen 13 = O*' or lOO*' then h = 
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When /3 = 90^ sin ^ = 1 its maximiiin value from 
F r w 
which hj^^x =^ G 1 

If we plot the crank angle as abscissae and the 

corresponding valve lift as ordinates, we obtain a sine 

curve for the valve lift diagran. (See fig. l) 



VALV/E LIFT DIAGRAM. 







As the crank tu^ns with uniform velocity, equal 
cranli angles are turned in equal intervals of time. The 
base line of the figure represents a crank angle of 180^ 
and also represents the time of the piston stroke. The 
abscissae of any point of the valve lift line represents 
the time t of a certain valve lift h reckoned from the 
beginning of the piston stroke. 

:n the infinitesimal time dt the po:-:ition of the 

valve, v;ith respect to its seat, changes by dh, the velo- 

dh 
city of the valve v = oT = tan Q where 6 is the angle 

the tangent to the curve mcikes with the base line. 
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7 
As is seen by the figure, the valve rises with a 
constantly increasing velocity until at the maximum 
lift the velocity becomes zero and then descends again 
accorai.ig to the same law but with constantly increas- 
ing velocity* By means of equation (6) we get the 

velocity 

dh Prw d/3 

V = -- = cos /3 -- 

dt acl dt 

or as dt = w 

Prw^ 

(7) V = cos fi 

acl 

The valve velocity is hence proportional to the. — 
cosine of the crank angle. 



Prw^ 
For i3 = 0^ that is cos 3 = 1; v = ^[^^T^ 

•• ^ =180<> '' "" »» ^ = -1; V = - OCT'' 



For all angles frT::i 0° to 90^ the cosine is posi- 

dh 
tive and v is also positive, or v = +<3T The valve 

lift increases and the valve rises* 

For all angles f^om 90^ to lOO® the cosine is nega- 

dh 
tive and v also is negative, or v = - dt The valve 

lift decreases and the valve descends. 

Plotting the values of 3 and v we get the velocity 

diag'^atn which is a cosine curve* (See fig. 2) 
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VALVE VELOCITY Cl/RV/E 



CffANH Ah^LE. 



/at* 




FIG. Z. 
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Velocity is the greatest as the valve leaves its 
seat and again as it returns to the seat* It is zero 
at the maxiinuin lift point* 

The change in the valve velocity (acceleration or 

retardation) may be expressed by 
dv 
k = ^ 

and from equation (7) 

dv Prw^ d/3 

k = — =— sin fi -- 

dt acl dt 

(0) k =-..•. sin ^ 

acl 
For ^ = 0*^ or 180^; sin 13 = 0, so that k = 

" = 90®; sin j3 has its maximian value, that is 

sin i3 = 1 and hence 

k s - • • • 

acl 

Prom equation (8) it should be noted that all val- 
ues of the valve lift acceleration are negative. 

The velocity of valve lift, as found above, is posi- 
tive from 0® to 90® and since the acceleration is nega- 
tive the motion of the valve is retarded in its ascent* 
Prom 90® to 180® the velocity of the valve is negative 
and the acceleration being also negative, the motion of 
the valve is accelerated in its descent. 

The greatest chan>;e of velocity takes place at the 
reversal of motion of the valve, that is, at the highest 
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valve lift. At the becinninc and end of the valve dis- 
charge the change of velocity is zero. 

Pig. 3, being a sine curve, is a graphical represent- 
ation of equation (8) 



/ACCELERATION DIAGRAM. 



90* 




/ao* 



8 
2 



rtG. 3. 



From equations (6) and (8) we obtain 

(9) k = -w2h 
Tho acceleration of the valve is thus proportional to 
the valve lift. 

Laws of Motion of the Valve 

^e will now consider the motion of the valve or the 
effect of its displacement. The volume of discharge 
through the valve opening is no longer equal to the dis- 
charge through the seat at any time, or 

aclh = fici no longer holds. 
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10 

This is seen when one remembers that a volume of 
water equal to a column the diameter of the valve and 
the height of the lift passes through the seat, as the 
valve ascends, which does not pass through the valve 
opening. As the valve descends to its seat this column 
of water is forced out through the valve opening in addi- 
tion to the water coming through the seat at the time* 
This will cause the valve lift to be less than is expect- 
ed from the piston velocities the first half of the 
stroke and greater than expected the last half of the 
stroke. 
Let f = The area of the valve 

V = " veloci'.y o t.h^ v .Ivo 
Then equation (2"^ c:.r. \e dterea t'.ur: to include this 
effect JUot menti../wJ 

(10) aclh = iici . fv 
The volume uiocharged through the lift opening =» volume 
of water discharged through the valve seat - valve dis- 
placement, for which "v" is positive for the ascent and 
negative for the descent of the valve. (See fig. 2) 
Since from equation (l) 

flCx s pu 

the follov.^ing equation also holds 
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(11) aclh = Pu - f V 

Volume through the lift = piston displacement - valve 

displacement • Prom this the valve lift is fixed by 
1 

(12) h =-" (Pu - fv) 

acl 

dh 
or as the velocity of the valve v = <It 
1 dh 
h =--- (Pu - f .. ) 
acl dt 

The integration of this differential equation is 
possible if a and c are assumed constant. The accom- 
pli s.hment of this difficult task leads to an equation 
which requi'^es another assumption to put it into practi- 
cal form. This ultimate result can be obtained in 
another way. 

Por the dete-^nination of the valve lift 
1 
h =--- (Pu - fv) 
acl 

it is necessary to know v, the velocity of the valve. 

This may be obtained by conversion of the equation 
dh 1 du dv 

(13) V = -- =--- (P f --) 

dt acl dt dt 

in which a and c are assumed constant. 

du dv 

The expression in the parenthesis (P -- - f --) may 

dt dt 

be expressed in wo^as, as piston area timej piston accel- 
eration minus valve area times valve acceleration. The 

dv 
valve acceleration, dt , is however small. 3t is further- 
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more, as is shovm in fig. 3, smaller as the valve approach- 
es its seat and becomes, at the closing of the valve, 
infinitely small • 

As it V7ill be sufficient for practical needs if the 

calculation considers the conditions at valve closure, 

dv 
it seems reasonable to neglect the term f -- in equat- 

dt 
ion (13) obtaining 
F du 

(14) V =acl dt 

inserting this value in equation (12) 
1 fP du 

(15) h =--- Pu - ocT Tt) 

acl 
vrhich gives the value of lift dependent on t^ie piston 

velocity* 

w 

Por a connecting rod of infinite length u = re sin ^ 
du d/3 

-- = rw cos i3 -- = rw cos i3 
dt dt 

Substituting these values in equation (15) ] ^ 

1 Frvi: f 

(16) h = (Prw sin jB cos /3) 

acl acl 

(17) or h = Prw fvr 

(sin p cos /3) 

acl acl 

An equation for the valve lift of a pump with crank 

ana flywheel drive. 

Ilultiplyiug both terms of equation (16) hy acl there 

results 

Prw2f 

(10) aclh = Prw sin fi cos jS 

acl 
The volume discharged through the lift opening = the 

piston displacement minus the valve displ.icement • 
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13 

]n fig. 4 is shown graphically the relation between 
the volume uischarged throuch the valve opening, and 
the v.\lve lift. 
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The Glnous line ABC shows the piston displacement, and 

» 

the valve displacenent is shov/n by the cosinous line 
DEP* Adding the ordinates of these two lines algebraic- 
ally there results the {rraphical expression of equation 
(18), the line DGH shOAv^ing the volume dischargeu through 
the valve lift* 

The latter line ho^vever represents at the same time 
the valve lift, as one obtains equation (13) for the 
valve lift by aividing equation (13) by acl. Por the 
representation of the valve lift one shoulu divide the 
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14 
ordinates of fig* 4 by acl to obtain the valve lift. 

The valve lift line now shows the following import- 
ant facts. The valve first begins to open after the 
piston begins to make its return stroke and has travers- 
ed a certain distance AJ f^'om the dead center. The 
greatest ^^^* ^^ reached after the crank has passed the 
90® point, which would be even mc^e pronounced with a 
finite connecting rod. The valve is still open a small 
amount at the time of the reve^'sal of the piston that is 
at a crank anfle of 180® and closes a short time after 
the piston has begun its return stroke. 

The fact that the discharge valve does not open 
simultaneously with the beginning of the discharge stroke 
is understood better when one considers that the suction 
valve, which acts in the saiae manner as the discharge 
valve, is not on its seat at the beginning of the dis- 
charge stroke and that the discharge valve will not leave 
its seat until the suction valve is closed. The open- 
ing of the discharge valve is the^^efo'^e depende^:it on the 
time of closing of the suction valve. 

Equations for Computing the Discharge 

Through the Valve. 

Prw fw 

Equation (17), h = (sin /S cos ^) gives 

acl acl 

the valve lift dependent on the velocity through the 
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vr.lve lift area* As in moat practical cases not the 

velocity through the valve lift but the valve loadine 

producing: this velocity is given, ^-^e iiust fonriulate 

an equation for the valve lift depenaent on the effect 

of the valve loading. 

iTOTE We have used the temi "valve loading** to 

designate the total load tending to force it toward 
the seat in any po.jition anJ. includes both the effect 
of the spring ana the action of gravity on the valve 
and spring nass. 

The rel: tion between the valve loading ana the ve- 
locity through the valve lift ::iay be derived by means 
of the experiments made by G» von Bach (C. von Bach: 
"Versuche uber Ventilbelastnng una Ventilwiderstand, 
Berlin 1084, Julius Springer. Versuche zur Klar- 
stellung selbsttatiger Pumpenventile, Z. 1836 S.421 w.f.) 
with nine different designs of valves and also the ex- 
periments made by H. Berg on saucer shaped valves. 

For a stream of water of uniform depth aischarging 
through the opening bet'/een the valve seat and float- 
ing va''ve, the '•elation, as given by Bach, bet^veon the 
force Pj exet^cised by the stream on the lower side of 
the valve and the velocity cg with which the water 
approaches the bottom of the valve, is given by an 
equation of the following form. 

^f c*- 

— /j / — 

f/Y 2g 
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in which 

f\ = Area of the valve seat opening* 

Y = Weight of one cubic i//f/r jf water. 

g = Acceleration due to frravity* 

Z]_ 5s A coefficient which is dependent on the de- 
sign of the valve and varies 'vith the 
lift- 

If the water has a velocity ci through the valve 

seat ani if the valve moves with a velocity of v, the 

velocity with which the water impinges aguinst the 

valve is equal to {ci + v) in which the upper sign 

holds for the rising valve and the lower sign for the 

descending valve. From this the force exercised by 

a streiim of v/ater on a novinf valve is detenriined by 

Pi (ci T v)"" 
— = Zl 

V 2g 

This equation sho\7s that for a certain valve lift 
there is a certain value of Z]_, ana that the force of 
the stream of water is proportional to the square of . 
the velocity with which the water impinges against the 

valve. 

But now the discharge through the valve lift is de- 
termined by equation (10) by means of 

aclh = fiC-L ^ fv 

fj^Q T fv is approximately = f ^^ (c^ + v) 
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17 
and from this we get the relation 

ci + V alh 

The velocity of discharge c through the valve lift 
opening is approxincitely proportional to the velocity 
(ciTv). 

Pi c'^ 

From this the follOTring equation holds = Zc _-. 

flY 2g 

or if we introduce the are a f of the valve we got 

(19) -i = Z -^ ; c = -re " 
fY 2g |fz' fY 

Let W = '"'^eight of the valve in water. 

S = The spring tension or load due to the spring* 

li = Mass of the valve. 

kl = Acceleration of the valve* 
The forces acting on the valve are, the upward press- 
ure P^ of the strean of water and the ao'.vnward press- 
ure of the valve loaaing (W + S) . The difference 
P^ - (!V + S) is the force which accelerates the valve. 
Fror:i this 

^'^^1 = Pi . (w + S) 

or ?! = V/ + S + Mki 

(V + S -f- Hki) io the effective valve loading which 
is nade up of the actual valve load (v; + S) and the 
mass force j/fk]^. 
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Substituting In equation (19) 
¥ + S + Mk^ c^ 
f Y ~ 2g 
The effective load is thus proportional to the 
square of the velocity through the valve opening and 
this is detenn l/vTd by 

1 I w + n + I'.ki 
^ ' f y 

Assurair.g the effective valve load to be replaced 
by a water column of area = f, and height = b, and 
putting W -v S + Mki = fbY we get 



in which 



« w I - 



VJ + S + Mk, 

(20) b = — - 

fY 

giving the effective valve lo.va 

Neglecting the mass force, this equation holds 
^'^ + S 

(21) b = 

fY 

Since c = .,=_ \'' b -re can now substitute for ac 
the expression -- • u V gb or designating a by m 

UT » — 



(22) ac = m \j '^ gb 

This coeffici nt in, al30 a and Z from which it is 
composed, is dependent on the valve lift; it ta^res 
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into consideration the contraction in the valve lift 
area and the relation between valve load and the ve- 
locity through the valve lift* 

In order to obtain the equation for computing the 
valve discharge we now get, if we assume m and V 2 gL 
invariable as the values of a and c were assumed above, 
the following:- 

A-- Without taking into consideration the finite 

length of the connecting rod. 

Prom equations (17) and {2P) the valve lift is; 

Prw fw 

(23) h = -- V (sin r cos p) 

ml |[ 2 cb mlW ?. gb 

Let the crank .-mgle at closure e^:ual 

P = 180° + d^ 

This angle may be obtained by putting h = in the 

previous equation. 

Then 

PnY r f\7 

;---— 3in (100 + d) . ;---- 

ml II 2 gb ^ nlM ': gb 

also 

:^w 
(25) tan (180 + d) = tan d = ---:- 

ml I r gb 

The angle d will be named the angle of lag. 

To determine the maximum valve lift: 
The maximum valve lift differs so little from the 
valve lift at 90° crank angle, that for all practical 
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purposes, the valve lift at 90® crank angle may be 

taken as the maximiun. 

With this we ohtain from equation (??3) 
Prw fw 
h = --- ••- (sin 90 ^.i^::__ ^-os 90) 

^^- ml pfiT lai vrrr 

Tr-; ' 

ml If 2 gl 

To determine hQ t e volve lift at the reversal of 

the piston. For p = 180® equation (23) gives the 

following:- 

Prw fw 

h^ = -,--- - (::'.n 100 - " r— cos 130) 

-1^^ T' • - o xnl y 2 gb 



*o 



IVv/^f 



(26) h, 







(ml pIJ)" 

To determine v^j^ the velocity v/ith which the valve 

closes* Prom eqiii*lons (11) and (22) 

mlh f^Th == Pu - rv 

At valve closure i = and jS = 180® + d 

So that \x^ ^^ sin (130 + d) = - rw sin d 

Prom this 

= - Prw sin d - fvi 
Prw 
(27) vi =s - • •• sin d 
f 

B Considering the finite length of the connect- 
ing rod* 
Let 

L = the length of the connecting rod# 
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The piston velocity is now given by 

r 
„ = rw (sin + 1 /2 - sin 2 ^3) 

L 

in which the upper sign is used for the forward stroke 

and the lower sign for the return stroke of the piston. 

The acceleration of the piston is then given by 

rr = rw (cos /3 -- + - cos 2p -- ) 
dt at L dt 

r 

= rw^(cos /3 + - cos 2 ^) 
I 

Then from equations (15) and (22) the valve lift is 



obtained 

Prw 

(28) h 

2 0)- 



Prw p 

Ell p^gb" (sin j3 + 1/2 - sin 



(cos |3 + : cos 2 0) 



fw r 

.-_; (cos |3 + - 

nl J.: ff L 

I''- ucteraine the angle of l^.^: d: 

With h = and (i - 100«* + d there results 

r 
= sine (100 + d) + 1/2 - sin (360 + 2d) - 

L 

fw 

(cos (100 + d) +f 30S (360 + 2d) 



ml y:^ r^ 
that 13 

- sin d + 1/2 


r 

^ sin 2d fw 


- cos d + — 


-ios 2d nlU":' 



Tor v':! ;'' '*• •:; n put 
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fw 

(29) tan d = ---^ 

nl 11 '. gb 

To determine the miixii.T.j-1 valve lift hmax • 
Prw fw «* 

h = —~^ ( 1 + — -J -) 

'"^^'^ ml iniT " ml pFb" L 

Prw 

[60) - (apjrox) '- 

nl IfTgb 

To determine the valve 11.' I at dead center h©: 

Let 

/3 = 180** ana from equation (20) we hc.ve 

Prw^ r , , f fw 

ho = -- • -r (sin 130 + 1/2 - sin 360) - - - • •- 

ml^ 2 gb L- - L ml^ :: eb 

(cos 180 + - cos 360) 

Prw^ ^ v'.' __ r 

(31) ho = o (1 + -) 

(ml jpgb)'^ L 

To determine the ' inal velocity v^ with h = and 

u = rw I Jin (100 + d) + l/2 - sin (360 + 2d) 

*- L . -^ 

Prom equ;-'.ion (11) 

r 

= Prw (-sin d + l/2 - sin g^^) _ ^^ 

Ij 

Prw r 

L 
Computing the Valve Lift Line ''Without Taking 
The Mass of the Valve into Consideration: 
The development of the equation for valve lift is 
based on the assumption that the coefficient of con- 



rrw _ r 
(32) Vt ^ ... (sin d + 1/2 - sin 2 d) 
^ "" f L 
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traction a and the velocity c through the valve lift, 
also that the coefficient m and the valve load b have 
constant values during the entire motion of the valve. 
Actually these values vary with the valve lift. Equat- 
ions (23) and (28) therefore only hold for constant 
values of m and b. But for any given valve lift h, 
the values m and b may be assumed constant and for the 
short interval of time in which the valve is at the 
given lift the relations of equations (23) and (20) 
hold. ]f the values which m and b have for the differ- 
ent valve lifts are known, successive values of h may 
be taken and the corresponding crank angle fi computed 
from equations (23) and (20). This gives any desired 
number of points for plotting the valve lift diagram.. 

The connection between h and b is solved in the 
following way. Let C = the spring constant, that is 
the pressure which the spiking exerts for each unit 
of compression in length; Yq the total length the 
spring is compressed when the valvo is on its seat and 
the spring is in position over it; h equal, as before, 
the valve lift. 
Then 

(33) S = (Yo -»• h) C 
The relation between the valve load b and the valve 
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lift h Is then determined from equation (21) 
W + (Y. + h)C 
(34) b = 2 

f Y 

The connection between the coefficient m and the 
valve lift h is conditioned on the construction of the 
valve and can only be detenriined experimentally. 
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PmiP LOSSES 

The losses of power in the piinp may be divided into 
two classes, viz: mechanical losses and hydraulic 
losses. The former consists of gear and Journal frict- 
ion and the friction due to the packing of the piston 
rods and plungers* The piston rod and plunger frict- 
ion depends upon the condition of the packing and the 
lubrication of saine, which is subject to large varia- 
tions* The hydraulic losses include those due to 
pressure head losses through the valves, frictional 
and eddy losses in other passages of the pump, and the 

losses due to lealcage and slip* The indicated horse 
power obtained from the plunger chamber card repre- 
sents the energy exerted upon the water, ana hence in- 
cludes the poorer necessary to overcome all the hydraulic 
losses. But the mechanical losses are absorbed in the 
mechanical parts of the pump and therefore are not in- 
cluded in indicated horse power. That is, the power 
input minus the indicated horse power is the energy 
lost in mechanical friction. The power output of the 
pump is less than the indicated horse power by the 
amount of the hydraulic losses. The power lost due 
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to the valves may be separated from the hydraulic loss- 
es if the difference in pressure through the valves 
is known* This may be determined from the indicator 
cards# 

Many hydraulic losses are supposed to vary nearly 
as the square of the velocity. Take, for instance, 
the loss in the valve seat alone. This loss is very 
much like the loss of head through a submerged orifice. 
Further, some hydraulic losses such as leakage and slip 
are increased by an increase of pressure as well as by 
an increase of speed. 

It is shown in works on hydraulics (see •'Treatise 

on Hydraulics" by Mansfield Merriman, p. 134, 8th 

edition) that the loss of head h""" when a liquid flows 

through an orifice, tube or pipe is 
1 v2 

hi = {.-. - 1) „ 

where v = theoretical velocity of the water due to the 

impressed head, and C = the coefficient of velocity. 

Let "^ = the weight of water passing per minute 

t hen r, 

1 Wv^ 

Whl = ( -6-- ) --- 

n - 1 2g 

equals the energy lost per minute in the given pass- 
age. As C dotis not vary betv/een very ;vide limits for 
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ordinary conditions met in practice, we may say the 
loss will vary nearly as the square of the velocity. 

]t follows, then, that we should expect the losses 
through the valve seats and other passages of the pump 
to vary approximately according to this law* 

This, of course, does not apply to leakage and prob- 
ably slip which depend rather on the difference be- 
tween the discharge and suction pressures. The quant- 
ity of leakage from q = c a Urgh must vary nearly as 
the square root of the head. 
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DE3GR]?ri01I OP APPARATUS 

Motor 

The source of power used in these experiments was 
a Northern Electric Go. 25 H. P., variable speed, (600- 
1050 R. P. MJ, 500 volt, 43 ampere, D* C. Shunt wound 
motor hung from the ceiling. By means of a field 
rheostat combined with the starting box, the speed of 
the motor could be varied so as to give the crank of 
the pump almost any speed from 35-70 R, P. M* Motor 
pulley was 16 in. in dic-uneter. 
Power Transmission 

The power was transmitted by means of an 8 in. 
Gandy belt from the motor to a line- shaft, ?6 ft. long, 
having six orainary hanger bearings. The powe*^ was 
transmitted f^om the line- shaft to t^e jack- shaft of 
the pump by means of an 8 in. leather belt. The dis- 
tance between motor and line- shaft was 19 ft. ajid the 
ai3tance between the line-shaft and the jack-shaft 
was 19 ft. also. The diameters of pulleys on line- 
shaft were 16 in. and the diameters of the tight and 
loose pulleys on jack-shaft we-^e 40 in. 

Pump 

(Sec 1; tp-^j7 iv'A 1 ^ 
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The pump tested :vas a Palrbanlcs-Morse duplex, double- 
acting, outsiae center-packed, crank-driven, recipro- 
cating plunger pump. 

The pump was of special design in that a 6 in. 
plunger was substituted for the 7 in. for which the 
rest of the pump was designed. Thus the ratio of 
valve area to plunger area v/as correspondingly increas- 
ed over the current practice of the builders. 

The stroke was 10 in., suction pipe 6 in. with open 
end, anu discharge pipe wa^ 5 in. The jack-shaft 
was geared to the cr.mk. In these experiments the 
pump was connected in the tv/o ways as shown by the 
full ana dotted lines on o^rawing, Plate./. Th^ 

pump v/as first "short circuited" in order to get the 
valve losses and net pov/er, as near as possible, to 
circulate the water thru the pump, ana general behav- 
ior of valves with the suction under pressure. With 
the connections as shown by dotted lines water was 
taken from a basin directly below the pump, at a con- 
stant distance of 6 ft. below the center line of the 
suction pipe, and dischargee over a calibrated 6 in. 
trax>ezoidal weir, slope 1 : 2, back to the basin. 
The dejth of n-ater in the pit was obtained from a float 
gage, the float and roa of ^vhich ?ere plr^.ed in a 
wooden box to eliminate the effects of whirls an'^ 
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eddies in the basin. The rod was read on a scale 
placed vertically by the side of the groove which elid- 
ed the roJ ^'^ron .the float. 

The ratio of the connect inr rod to the c^anl: was 
6:1, the former being 30 in. and the latter 5 in. 
The piston rods wore of 1-3/4 in. diajneter thus mak- 
ing the cranl: end displacement during one st'^oke 250.69 
cu. in. while the head end displacement was 2QP..74 cu. 
in. The pump was e:juip:^ed v/ith a •^evolution counter 
actuated by the cross head thru a reducing motion. 

Valves 

]n each deck, both aischarge and suction, w.re 3 
"saucer-shaped," spring loaded valves, having a maxi- 
mum lift of 7/0 in, up to the stop. The studs screwed 
into the radial ribs at the center of the seat. The 
valve details are sh0T?7n on i^l.ate*4^5^^^ The ar-^angement 
of the valver. in the decks is shown diagramatically 
by Plate n. 

Gages 

Two ordinary Bourdon gages we'^e used on the dis- 
charge while a mercury manometer was used on the suct- 
ion pipe just befce it entered the pump. One press- 
u-^e gage was used for low and one fc" high pressures. 
]n the short circuit runs an open v;ater tube was used 
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to measure the smallest heads. 

Electrical Instrurients 

The power input to the motor was measured by means 
of the portable types of '"^eston Standard Voltmeter and 
Ammeter. P'^evious experimenters found errors in volt- 
meter readings due to the influence of the large currents 
in the ammeter circuit when the instruments were close 
toc^ther and hence these instruments vre^e placed several 
feet apart. 

The elect '•ical connections to the apparatus are 
shovm on Plate 3 M is the motor driving the 

drums in the photocraphic apparatus, A is the arc light, 
Eq and Et are the croiio head and time electromacnets 
respectively on tha indicators, while Ep^ and Ept are 
the corresponding magnets on the photographic appara- 
tus, C is a conuenser, L is a lamp bank, G is a g^-ound, 
R is a relay and B is a battery, 

1 ndicators 

(See Plate i5 for ari^angenent. ) 

In all 5 indicators we^e used. On the puiip proper 
there was one belo^ the suction ueck, one in the 
plunger chamber between decks and one immediately 
above the discharge deck. The last two were the out- 
side spring type of Crosby hydraulic indicators w^iile 
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the other was the inside spring style. In order to 
more clearly obtain the true pressures at the respect- 
ive points these th'^ee indicators we'^e connected direct- 
ly by brass sleeves, without cocks, as closely to the 
pump as possible and the passage thru the sleeves had 
as large an area as the piston of the indicators. 
The arums of these three indicato'^s were driven by 
cords from a common jack-shaft run by a sm<\ll hydraul- 
ic motor operating from the city pressure. Any de- 
sired speed of the drums was obtained by throttling 
the motor. The paper on the drvMs was held by rubber 
bands. (See photo, Plate 5 ) 

Attached to each of these indicators were two electro- 
magnets, (See Plate 8 ) which marked sec- 
onds in time ana the dead centers of the pump piston 
travel upon the paper. The time was obtained by a 
contact on the pendulum of the clock in the Physics 
Department i^nd the deaa centers were obtained by a con- 
tact on the cross head of the pump. The electrical 
arrangement is shown on p(^t# 3. 

Two other indicator's were used - one . on the dis- 
charge pipe proper and one on the suction. The drums 
of these two were given a reciprocating motion by con- 
necting them to a reducing mechanism operated directly 
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by the cross head,- as is generally done in steam en- 
gine testing. These v/ere inside spring indicators 
ana were connected to the pii)es in the usual manner. 
Photographic Valve Action Reooraing Apparatus^ 

To each valve was attached a unive-^sal joint as is 
shown in Plate ^ stn^f B. . A small brass rod 
screwed into the upper stirrup and could be aajusted 
by means of a lock nut. At the upper end of the brass 
rod a small aluminum target, having a small hole drilled 
through it, was screwed on. The brass stem comiroinicat- 
ed the motion of the valve to the target. The target 
holder or case consisted of a small brass box with 
tv/o detachable sides, being helu by screws. These 
two sides had small vertical slits ana directly back 
of each face was a thin sheet of mica or celluloid. 
The aluminum target merely moved in the holder, v;h.^ ^.h 
was screwed into the cap of the discharge chamber. The 
stem worked loosely enough thru the holder to permit 
the full pressure in the chaj:iber to come up around, 
the target. There was no friction along the stem or 
target save the skin friction of the surrounding water. 
Any entrap.ied air could be let out by loosening the 
screws in the face plates. 

The photographic part of the apparatus consisted « 
essentially of a small arc light, a couple of electro- 
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magnets, two drums upon which sensitised paper could 
be Y^ound ana drawn Trom one siae to the other, all of 
7/hich was contained in a lifht-proof brass box. Upon 
top of the box a small D* C. electric motor was pivot- 
ed and could be thrown in gear to turn the vertical 
shaft of one of the ariuns inside the box. 

In the bottom of the box a slot was made so thc-it 
almost the enti-^e target holder could project into the 
box. 'Vhen the apparatus was thus placed over any 
target holaer the only light which coula come to the 
sensitised paper was thru the small hole in the alumin- 
um target. By means of a shutter this too could be 
s'^ut off. The electromagnets me-^ely operated two 
separate shutters which would allow two mce pencils 
of light to pass to the sensitised paper. These m;\g- 
nets were operated to mark the dead centers of the 
st-^oke ana seconds of time and wer^ connected in 
series with the corresponding mr.gnets of the indicat- 
ors already described. The marks on the paper were 
above ana below any possible trace of the target motion. 
Thus when operating, the motor drew the paper past the 
target which was moving ve«^tically with the valve. 
The electromaf net marl:s merely coordinate the valve 
motion with respect to time and position of piston. 
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The slot thru which the target holaer projected was 
equipped with a spring flap whi ch kept light out when 
the instrument was not in position on the pump. One 
side of the box could be slipped off for taking out 
or putting in the paper. A small notched wheel on the 
drum shaft was operated by an eccentric ana ratchet 
arrangement so as to give the amount of unexposed 
paper on the drum. 

Prony Brake. 
The pov/er input to the pump was obtained ^vith a 

P^r^^f^t^nenffy fa the /ooM€ pu//9¥ 

Prony brake t The brake v/heel was attached^on the 
jack-shaft of the pump. r:y simply shifting the belt 
from the tifht to the loose pulley and placing the 
brake band on the brake wheel, brake runs could be 
m.ide to obtain the power delivered at the jack-shaft 
for any condition of switchboard readings. ^'^e were 
thus able to check the power input to the pump just 
at the time of taking a run. The brake arm was 3.49 

ft. in length. The brake wheel differed from the 
ordinary brake wheel by having a flange on each edge 
of the rim to hold the brake band in place. By using 
these flanges instead of the lugs on the brake band 
itself, which are ordinarily used, any water which 
splashed onto the wheel was thrown out radially and 
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off the wheel instead of v/orklnr under the brake band. 
The opening in the brake band was also placed at the 
top and at a point whe^e all the slack v;ould be drawn, 
making it easier ani mo-^e convenient to manipulate. 

Calibrations 

All instriiments ana apparatus were calibrated and 
corrections v/ere applied in all data worked up. The 
indicators ana pressure gages we'^e calibrated by means 
of the Crosby ^Veight Gage Tester. Both ammeter and 
voltmeter were calibrated by comparison with the Labora- 
tory Standaras in the Electrical Engineering Depcirt- 
ment. The scales used in the brake runs were tested 
v'ith the Laboratory Standard Masses. 

The accuracy of reproaucing the true motion of the 
valve on the sensitised paper v;as determin^^J by making 
a special target, having several holes l/oin. apart 
vertically. By mec'.surlng the ca^d when developed It 
was found that the spacing on the carus was slightly 
magnified duo to the target being between the light 
and the paper, the rays of the arc light not teing 
parallel. The box sometimes had to be placed with 
dil'ferent faces of the target holder (on different 
targets) toward the light and hence the true values of 
lift were obtained by multiplying the card values by 
either 93/< or 9f..5/<* 



Digitized by VnOOQlC 



Digitized by 



Google 



37 
All valve springs were calibrated up to their maxi- 
mum compression by the apparatus shown on Pi:,.-: ^. 
Sand was poured into the bucket ana the load on the 
spring was obtained for each amount of compression as 
sho^m '-y the notch alonf the scale. Thus the initial 
tension of the sp-^ing as placed in the valve chamber 
could be determined from its measured length under 
those conditions* The weights of the valves, with 
and without the attachments^ v/e-^e' measured. The speci- 
fic gravity was also determined in order to be able 
to know the effective weight of the valve submerged 
such as would be the case when the valve was operat- 
ing in the chamber full of water. 
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METHOiJ OP EXPERIMKTTIKG 

Preliininar*y Runs 
For the purpose of preliminary nans the pump was 
short-ci -^cui ted by connecting the discharge to the 
suction, as shovm on Plate / • ]t was aesired to 
determine the amount of pov/er required to operate the 
pump, and to circulate the water throuph the passages 
and valves. Runs were made at five speeds correspond- 
ing to five points on the regulating rheostat from 
lowest to hifhest# These were desig-nated A, B, C, D, 
E, corresponding respectively to positions of the speed 
regulating lever on its contact points, 1, 5, 10, 15, 
21. Revolutions per minute of the pump varied with 
the load and voltage, ana were 36.0 to 41.8, 40.7 to 
44.3, 47.9 to 51.8, r)5.6 to 50.3, 61.4 to 69.3 respect- 
ively. Runs wer-e first taken with each speed and with 
all the valves operating. One valve in each deck 
was then blocked do^-m and another set of ntns was 
talren. These runs were designated A]^ , B^ , Ci, D^, 
E^. Finally, to stuay the effect of greatly restrict- 
ed valve area, two valves in eaoh cht'unter were blocked, 
leaving only one valve to operate. These runs were 
designated A2, B2, 02^ D2, E2. Before each run was 
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taken, time was given for conditions to become steady, 
^ith each run indicator cards were ta!:en every ten 
minutes, making four sets per run. In nearly all 
cases cards vre^e taken on each of the three indicators 
on the pump, and on those on the suction and aischarge 
pipes. The car*ds from the plunger and discharge 
chambers we^e made simultaneously and the others as 
soon thereafter as possible. Cards for the atmospher- 
ic pressure line were taken on the three pump inaica- 
tors as often as necessary, or as thought advisable. 
Photographic recorcLs were obtained for each discharge 

valve except Dg ^nd Dst '^hich were not accessible for 
taking records. In addition, the maximum lift for 
each discharge valve was measured with a scale. One 
set of records and measu-^enents was taken with each 

run. 

In the short-circuit or circulating runs the regu- 
lar data was all taken first, then the brake data was 
taken for the oeveral speeds used in these runs. But 
frovA rating curves previously obtained for the motor 
and shafting it was found that the losses of power in 
this part of the apparatus we^-e qul^e variable. It 
was evident then that thlj mothod would not give good 
results, so in all other runs the brake data v/as taken 
immediately after the pump run. Viore will be said 
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concerning the accuracy of these ratine curves under 
••Motor Rating.*' 

Regular Runs 

By the regular runs are meant those taken with the 
pump connected so as to drav: ."Trom the suction pit and 
discharge over the weir. In addition to the data 
taken in the preliminary runs, the hook gage was read 
every two and one-half minutes, and indicator and 
plunger leakage was measured. 

'7ith each of the five speeds five different dis- 
charge pressures were taken, 15, 30, 45, 60, 75 pounds. 
It should be said here that variations in the speed 
of the pump, caused by voltage fluctuations tended to 
vary the discharge pressure. But this pressure was 
held constant by careful regulation of the discharge 
gate valve* The suction head was read on the mercury 
manometer anu was kept nearly constant with the float 
gage» The first of the regular runs were performed 
with only a part of the valves operating, the others 
being blocked down. But it was noticed on the indicat- 
or cards, by the rounding of the lovrer corners :.,nd the 
slow rise ana fall of pressure in the plunger chamber, 
that air was being dra^m into the pump. This effect 
is shovm on the indicator card in Plate 7 • It was 
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decided that air entering through the suction indicat- 
ors and possible leaks in the suction line was entrapp- 
ed under the valves blocked dovm. So these runs were 
abandoned and in the remaininf tests the valves were 
all permitted to ope'^ate* The effects mentioned above 
were no longe*^ noticeable. 

The brake data with a few exceptions was taken 
immediately after the pump run. Usually three brake 
loads were used, the 3cales being balanced to read the 
net load* Such values we'^e used as would give ammeter 
readings above and below, and one about equal to that 
observed while the pump was running. For each brake 
loaa at least two speed observati :)ns we^^e m-.ae, each 
of one minute's length. If these two values aid not 
check within two percent, one or two mc^e observations 
were made. Five readings of the voltmeter and ammeter 
were taken each minute, or during each speed determin- 
ation. 

Two sets of photogr'aphic cards were obtained on 
each run, and in each set wero found usually two lift 
cards for each valve. 

A sample log sheet is r^3produced and shown i.-i Plate /7 
Auxiliary Experiments 
1. Pressure to Lift Valve. 

In a saucer-shaped valve a portion of the area of 
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the lower side Is ground to the seat to form contact 

area. Then the reinaininc surface not so used is the 

area exposed to water pressure. And theoretically 

if the valve seats perfectly, a unit pressure nuot be 

exerted upon the lo'Ter side greater than that upon the 

upper side by an amount sufficient to ma^^e the forces 

on the two sides equal in order that the valve may 

lift. To overcome the weight of the valve and the 

spring tension, the lov/er* force must exceed the upper. 

1 f P^i and P^ = pressures per square in. on upper and 

lower sides of valve respectively, 

Py and P;l = the respective total fences due to these 
pi^essures, 

A^ = area of upper side of valve, 

A^ = area of lower side of valve, 

Aq = contact area of valve, 

W = weight of v.ilve and tension of spring 
Then Ai = A^ _ ^ and for the valve to rise 

Pi - W = Pu, or Pi (Au - Ac) = PuAu + W, 
Or 



Au - Ac 



that is, the pressure iinde'* the valve must exceed that 
above depenaing upon the contact area of the seat and 
the weight ana spring tension. This merins that the 
valve would jump from its seat with shock, for at the 
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instant unseating begins the higher pressure below 
becomes effective over the contact area and exerts 
force over the entire lov;er side of the valve. Ho^7- 
ever, valves do not seat perfectly, and the less the 
contact area which is effective or absolutely tight, 
the less will be the effoct described above. 

In order to stuay this effect, chamber A was fitted 
up with water columns connected, one on each side of 
the valve deck. Water from the mains was tapped into 
the plunge'^ cha^nber through a valve. By adiiitting 
water ana observing the water columns the difference 
in pressure across the valve was directly measured. 
Several trials v/e'^^ i:iaae on each valve in the aischarge 
deck, the pump being idle of cou^^se. In admitting 
water slowly, the pressure gradually rose to a maximum 
and then fell back to a stationary point several per- 
cent lov/er than the maximum. This drop in pressure 
marlced the rise of the valve. On account of the small 
quantity of water flov/ing, this rise was very slight. 
The following table shows results of the test. 
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Table 1. 

Head Wt.of Valve Lifting Porce-Lbs.Percent 

Valve to raise + S:3ring Oompu tea on _ of cont. 

Valve Tension Bottoin'' fop * Area 

Ft* Lbs. Area Area Effect* 

Aj 1.71 5.35 4.53 7.50 72.5 

Ag 0.92 3.94 2.43 4.02 5.0 

A3 . 1.42 4.30 3.75 6.20 77.5 

These figures show that all the contact area of the 
seat is not effective, that is, it does not hold water* 

2. Motor Rating 

]t was thought at first th.tt rating curves for 
the motor and shafting might be established ^hich could 
be used th'^oufhout the tes"-. s for aetennining the po^^er 
put into tho purip at differeiit speeas. '7ith this in 
view b-^alre tests Tvere made of the power delivered to 
the pump shaft for each of the five speeds, over a 
range of possible horse powers* It wao felt however 
that full confiuence should not be placed in these 
ratin^rs without checking them up at frequent intervals* 
It was found in various attempts to check them that 
they we^e un^^eliable ■f'or good results on account of 
voltage fluctuations ■ - jther factors such as lubrica- 
tion of bearings and tightness of bcltSt Thereafter 



Digitized by VnOOQlC 



Digitized by 



Google 



45 
the brake data was taken iiruuedi at ely following the 
regul.;r run, before conditions could change appreciably* 
The input to the pur:ip has been taken from the rating 
curves for the purpose of comparing it with that ob- 
tained from ""egular brake data* The percent er-^or 
in the rating curve has been computed and plotted in 
Plate 1 9 . The results show the futility of attempt- 
ing to establish a series of rating curves for the 
motor and shafting which will apply within reasonable 
limits of error fo-^ tests over quite a period of time 
ana when unavoidable chan£:*es in belt tension and shaft 
friction are sure to occur* 

Difficulties 

Some entirely new apparatus had to be designed for 
these experiments, and it was expected that defective 
design and construction woula appear w-ien the new parts 
were put into use. For the benefit of tho^e who may 
wish to car'^y these expe^^iments further, we shall dis- 
cuss briefly the difficulties in the order in which 
they were encountered* 

The target holders we^^e designed for glass windows, 
the Joints to be sealed with sodium silicate or water 
glass. This ar^angeraent immediately gave tj^ouble from 
leakiige and the breaking of the glass. A waterproof 
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red wax was next tried fo-^ sealing the joints but was 
unsatisfactory. Finally, it was found that mica 
or celluloid for the winaows used with paper gaskets 
was very sati s'^actory* ]t was found necessary just 
before the beginning of each run to loosen the face 
of the target holder in order to permit the escape of 
air bubbles which collect after the pump has stood 
idle for some time. These bubbles seriously diffused 
the light w'len left in. 

The photographic machine was tried out in the 
mechanician's shop and worked very well. ^Eastman's 
Velvet Bromide Paper** was found to give good results 
ana it was used i:: all the tests. But after the 
targets we^^e placed on the pump ana had contained 
water for a considerable period, the •records obtained 
were much too dim* The water had so stained the mica 
v/indows that the intensity of the arc had to be greatly 
increased. This was done by peaninting more current 
to flow# ]n order to make the carbons burn evenly 
and so prevent the arc from becoming obscured, the 
carbons weru set in line with each other instead of at 
an angle as was first done. 

The motor fc^ moving the paper in the machine was 
provided with an adjustable automatic cent-^ifugal 
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governor* But neither this device nor the amount of 

current supplied would ever give satisfactory speed 
regulation* It was found however that the speed 
could be fairly well controlled by hand, and this 
practice was followed* Jt is now thoufht that the 
paper drum should be driven from the jack- shaft through 
flexible shafting or universal joints. This would 
give it a speed proportional to that of the pump, and 
hence all valve cards would be of equal length. 

To operate the electromagnets properly about one 
ampere was required. This caused destructive spark- 
ing at the relay points. To prevent this, condensers 
were connected across the points. Probably on account 
of residual magnetism and leakage currents the arma- 
tures of some of the electromagnets we^e not released 
when the circuit was broken. This was avoided by 
placing a thickness of paper between m^ignets and arma- 
ture, so as to prevent actual contact. 

Air in the pump and its effect has already been 
mentioned. The amount entering was probably quite 
small, and it seemed that the best way to avoid this 
trouble was to pe-^mit all valves to operate and thus 
remove any pockets vhe'^e it might collect* It should 
be stated here that no t'^ouble of this kind was exper- 
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ienced xvlth the short-circuit runs because the suct- 
ion was under a low pressure* 
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CALCULATION 0? DATA 
Switchboard or Electrical Horse Power 
The means of the £«33 reauings of the ajnmeter and 
voltmeter wer^e corrected by r^eferring to the calibrat- 
ion tests. Then the product of volts anu .amperes 

was divided by 746 to give the hc^se power input of 

I X E 
the motor, or = E. H. ?• 

746 

Brake Hcse Power 

This quantity was calculated by using the mean of 

the two or more speed observations and the load on the 

2 X 3.14 X 1 X R.P.M. X L 

scales in the formula = 

33,000 

2 X 3.142 X 3.49 x R.P-M. x L 

-- -^-^ = .000666 X R.P.M» x L = 

33000 

B. H* P. where L = brake load. 

Efficiency of Motor and Shafting 

The loss in motor, shafting and belting is evidently 

the difference in the input of the motor and the brake 

horse power or the input to the pump, and the efficiency 

B.H^P. 
of that part of the apparatus is the ratio JTTH.PT 

Indicated Horse Power and Valve Loss 

Prom the indicator cards were calculated valve loss, 

indicated horse power, and the power output of the 

pump. The cards wo'^e gone over with a planimeter for 
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area, and the mean height was obtained by dividing the 

area by the length. This mean height times the spring 

factor plus a calibration correction gave the mean 

pressure during the stroke* The pressure for the 

aischarge stroke in the plunder chamber minus the 

l^resGure for the same stroke in the discharge chamber 

gave the pressure loss through th* discharge valve** 

In the same way the loss thr^ufjh the suction v Jves 

was obtained* The horse power due to t^is loss was 

the sum of the horse powerfor the suction and discharge 

dec^:s. The power loss for one deck of one chamber 
p X R.P.M. X 3.142 X d' x 10 

is - = .000714 X p X R.P*M. 

33000 X 4 X 12 

= !• H. P., where p = algebraic difference of suction 
and discharge strokes* 

It was found in the runs under pressure that the 
loss in pressure through the valves was very inconsist- 
ent and 30 it was decided that data from these runs was 
unreliable for estimating this loss chiefly on account 
of the relative strengths of the springs. The loss 
of head through the valves is oUch a small part of 
the total head, being about one pound per square inch 
at the fast speed, that it is practically impossible 
to scale this s^ruill qur.ntity from the indicator card* 

Since our experiments show no effect on valve action 
•Corrected for difference in elevation of indicators. 
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due to change of pressure, it was thought proper to 
assime that valve loss was independent of pressure, 
and so calculations have been made from data obtained 
in the short-circuit runs. 

Output Horse Power 
The output of the pump was calculated from indicat- 
or cards talcen on the dischar^^e pipe, and the weir 
readincs. To the mean p-^essure on t^e discharge card 
is added the suction head measured on* the mercury col- 
umn ana a quantity for the difference in elevation of 

the vacuum gage and indicator. 3f q = discharge in 

qh 'q X p X 62.5 X 2.304 
second feet, = « .262 x q 

550 550 

X p = H, ?• output. 

Pump Efficiency 

The total pump efficiency is plainly the ratio: 

Outpu t H. P. 

Input H. P. The mechanical efficiency is the ratio: 

Output H, P. 

]na. P. P. The indicated horse power minus the 

output equals the total hyuraulic loss in the pump, 
anu this quantity minus the valve loss gives the loss 

in ot^-^er passages of the pump. The hydraulic effic- 

H> P, Output 
iency then is the ratio ] nd . H . P . 
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Photographic Cards. 

The sensitised paper used in the photographic ap- 
paratus described before was in ten-yard lengths, hav- 
ing a width of 2 in. When developed the valve dia- 
gram and the cross he^id an* time coordinations were 
in black upon the white strip. The valve diagram was 
a continuous line, v/hile the cross head and time marks 
were merely short dashes above and below the valve 
diagram. Any moveinent of the valve was sho^vn by the 
vertical component, ^rhile the passing of the paper 
from one drum to the other generated the horizontal 
component of the aiagram. Three or four diagrams for 
one valve were obtained at one exposure. 

The paper was not urawn by the target at an ab- 
solutely uniform speed, which would have been better. 
The small motor was not able to take care of the vary- 
ing load put upon it, and different valve diagrams were 
obtained on different bases, thus making any tv;o more 
complicated to compare. 

For successive diagraras on the same valve during on? 
exposure the spacing of the time m<-vrk3 was fairly uni- 
form, thus indicating practically conr^tant speed of 
the paper. For any particular stroke, however, the 
speed of the proper could be considered constant, as 
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the time ana space passed over were SLiall. It follows 
then that the valve lif^ aiagrams are on a time instead 
of thc^ usual stroke base* 

jjue to the construction of the machine, the cross 
head .s'^utter was not directly over the valve target, 
but was a fixed distance from it* To study the cards 
the cross head marl:s had to be offset to the right in 
order to truly coordinate the valve motion with regard 
to the dead-centers. The caras we-^e generated from 
right to left. 

?or each run the maximum valve lift of each valve 
was determined from the cards and also from a scale 
measurement talren at the target holder. The average 
lifts during the st'^oke, on a time basis ^ v/ere cal- 
culated as follows. The area bounded by t!ie valve 
diagram and tho zero line was aeterr.iined by a planl- 
meter. The average lift was then computed by divid- 
ing this area by the distance betv/een the dead-center 
marko on the cards. The correction for magnification 
was applied in both maximum and average lift data. 

"^hen once the dead-centers had been properly placed 
on the card, measu<-ements were taken to see how nearly 
the valves opened and closed at the dead centers* 
The time mark v/as not used in the calculations as the 
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speed of the pump during a run could be detemined 
from the revolution counter. 

In the study of instantaneous lift the stroke was 
divided into equal parts and by means of dividers the 
curve in question was reproduced on some other base. 
The relation of the diagram on a stroke and time basis 
is shown on Plate /S* The displacement or ve'^ocity 

curve of the plunger, the con-^.ecting rod and crank 
ratio being 6:1, has in some cases been plotted to show 
the relation betv/een the lift and velocity of the 
plunger. Por explanation of piston velocities see 
••Stoam Engine Design" by J. II. Whitham. 
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» 

RESULTS 
Losses and Efficiencies 
The various ho^se pov/ers and efficiencies for pump 
and motor are shown in the accompanyinfr tables and 
curves. It is seen that the efficiency of the motor 
and shafting: varies with both speed ana power* One 
run gave a point of 83*4 percent, 8 percent above any 
other value. ^7e are unable after checking the cal- 
culations to account for such a high figure. Minor 
variations^ however, are duo to differences in voltage, 
condition of brushes and coirmiutator, tightness of belts, 
and lubrication. The voltage particularly v/as vari- 
able, ranging between the extremes of 430 and 570 volts. 

The loss of pov/er between the sv/itchboa'^d and pump is 

dependent upon two things; first, on the efficiency 

of the motor; and second, on the frictional losses in 

the belting and shafting. The efficiency curve of 

the motor is plotted on Plate /©• 

note:- Lata for this curve was ta^ien from a thesis 
in the University of Wisconsin Library entitled 
"Efficiency Test on a iteming Triplex Power i^riven Pump" 
by R. V/. Muckelston and K. Slidell, 1909. 

It is ueen f-^om the curve that the efficiency does 
not vary much for loads from 50 to 100 percent of the 
motor capacity (25 PI. P*), but below 50 percent capa- 
city the efficiency will change appreciably for relatively 
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small changes in load. The losses in the belting and 
shafting increase gradually with increase in load but 
probably at a very nearly uniform rate* The voltage 
fluctuations mentioned above probably affect the effi- 
ciency of the motor to an appreciable extent below 50 
pe-^cent capacity (10 or IP. H. ?• ) 

On Plate /f we have shown the percent errors which 
would have been made by taking the set of rating curves 
made at the first of the experiments as correct, and 
using them to determine the horse power delivered to 
the jack- shaft of the :)ump. 

From a study of this plate we see that for loadings 
of 50 percent or greater an error of 5 or 6 percent is 
quite likely to occur. For motor loads under 50 per- 
cent of the rateu capacity the errors would be much 
greater. In this latter case the larger error of read- 
ing smaller quantities enters as well as the errors due 
to the fact that the motor is workinf on a steep part 
of its efficiency curve whe^e small changes in load 
or other disturbing influences malce large changes in 
efficiency. 

The mechanical efficiency depends largely upon pack- 
ing friction. This was found to be a great variable, 
and uncontrollable to a large extent. The packing 
glands had to be adjusted occasionally for changes of 
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pressure, but this was nearly always done between runs 
or dir^ferent pressures. As an instance of varying 
packing friction runs A75 and B75 give efficiencies 
12 percent below the other runs at 75 pounds pressure. 
In general, mechanical efficiency increases with both 
speed and pressure. 

The hydraulic efficiency of the punp is t^e only 
efficiency which doos not increase consistently with 
either pressu-^e or si")eed, per'-^apo on account of the 
small difference bet^'/een the indicated horse pov/er 
and the output of the pump, and becaus.e of the limited 
accuracy of indicator records. The runs A45 to E45 
f'ive very high hydraulic efficiencies. These were 
check runs and gave somewhat better figxires than the 
original runs. But although the indicators were cali- 
brated for thi3 pressure the figures were apparently 
high as com:,)ared to all other hydraulic efficiencies. 
The total efficiency of the pump is the product of 
the mechanical and hydraulic efficiencies. ]t tends 
to increase *.-ith both speed and pressure. It may 
seem that 63.5 percent, the highest value obtained, 
is rather low for this type of pump. It should be 
remembered here that the pump was designed for 7-inch 
plungers whereas it v/as equipped with 6-inch ones. 
The friction force betv;een plunger and packing varies 
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as the diameter, while the capacity of the pump varies 
as the square of the diameter. Therefor*e, since plung- 
er friction absorbes a very great part of the pov^er 
lost in a pump, if the 7-inch plungers had been used, 
a higher efficiency would have been obtained. 

The efficiency over all is the ratio of pump out- 
put to motor input, or the product of the hydraulic, 
mechanical, and motor and shaft efficiencies. It also 
increases with speed anu pressure. 

The valve loijs, considered independent of pumping 
head, is calculated in horse power for the five speeds 
used. The percentage this loss is of the hydraulic 
losses and of the horse pov/er input of the pump is also 
calculated and shovm in the following:; table. It is 
seen that the valve loss is a very small horse power, 
and a sm.-ll percentage of the total energy input of 
the pump. As would be expected, however, the valve 
loss is a very considerable percent of the hydraulic 
losses. The percentage in e: ch case seems to increase 
r;ith speed and pressure. T\7o percentages of the hy- 
draulic losses run a' ove 100 percent. These a-^e to 
be tal:en as bad points. Mention has already been 
made of the uncertainty of hyaraulic losses calculated 
with 45 lbs. pressure. 
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Slip 
The term "slip" is ordinarily tal:en to be the ratio 
of the difference between displacenent and discharge 
to the displacement. It thus includes valve slip and 
all leakage. The results are given in the table below, 



Pressure iipeed Slip Pressure Speed Slip 

Lbs, per R.P.M. Percent Lbs. i^er R.P.M* Percent 
Sq.ln. Sq.ln. 



75 36.0 3.19 30 



60 36.0 3.19 15 



45 



36.0 


3.19 


40.7 


P. 10 


47.9 


2.01 


53.6 


1.72 


61.4 


S.80 


36.0 


3.19 


41.4 


3.00 


40.4 


2.97 


58.7 


2.94 


64.7 


1.49 


36.3 


3.21 


41.3 


2.12 


49.1 


2.55 


59.7 


2 . 53 


65.0 


2.47 



39.0 


1.72 


44.3 


1.94 


50.9 


1.69 


59.5 


1.95 


66.0 


1.72 


40.0 


2.63 


44.3 


1.51 


51.6 


1.48 


57.4 


1 . 50 


67.5 


1.42 



Valve DiagrcUns 
On Plates /JS j /3 0/94/ /V a^e tracings of some valve 
aiagrains from the photographic records* Representa- 
tive aiagrains both in the short-circuit and regular 
runs have been ta'ien to illustrate certain features in 
the operation of the ^v.anp. In all these typical dia- 
grams the dead center narks have been put in. i>ue to 
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the fact txhat it was inconvenient to construct the 
apparatus in such a way that the cross head and time 
shutters woula be directly above and below the target 
shutter, respectively, it wa:3 necessary to offset these 
inarkG a fixed uistance befc-e studying the diacraras. 
The vertical lines thus na^k the dead centers, and the 
lift records are fenerated fr'on right to left* ITo 
cross head narks are sho^-.Ti for the valves in deck G 
because the contact was fixed only on the A and B side 
of the pump and the v.iriable speed of the motor mode 
it inconvenient to c©t then for the C deck* The dotted 
lines on the diag'^am, hov/ever, nark very closely the 
dead centers. The time marks are absent because of 
relay t'^ouble ana basides the speed of the pump was 
obtained from the revolution counter. 

]n the short-circuit runs the pressure di.scharged 
against was low, v;hile the suction wa:3 under an actual 
pressure from the snail stanapipe in the s'-.ort-circuit • 
Taking up the low speed on the sheet of tracings, the 
valves in aecks A ana B are seen to rise slightly after 
the beginning of the stroke v/hile the valve in deck 
C is seen to rise just a little before. Tho the 
suction was unde^ pressu'^e, tho valves in A and B 
failed to rise .ius- at the point of reversal for reasons 
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given under the regular runs. The valve in deck C 
had a weal: spring and the retardation of the plunger 
on the suction st-^oke tofether with the positive suct- 
ion pressu'^e v;as sufficient to cause the valve to rise 
before the actual discharge stroke had berun^ ?/ith 
the hig'" speeds these effects we-^e more pronounced, 
especially in the valve 03^ 

Taking up the closing of the sane valves under the 
same conditions it is seen that at the low speeds A 
and B valves close just about at the end of the dis- 
charge stroke, while C does not close promptly • This 
is explained as follov/s: 

The pump was double acting and when the discharge 
stroke on one end was just completed the suction stroke 
on the other end of the :)liinger was just completed. 
The two chambers haa a corruaon suction pipe. Thus the 
retardation at the end of the :^uction st-^oke on one 
side (even tho its own discharge valves were opened 
prematurely) had the effect of causing a rise of press- 
Vi^e in t^.e common suction main sufficient to keep the 
valve on the other side of the plunger from closing 
immediately. The ine'-tia e:^fects of the water in the 
clearance in the aischarge chamber had also some slight 
tendency to keep the valve open. As the speea increases 
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this is seen to increase due to the ^rea*er maenitude 
of the retardations ana the increased lift of the valve* 
"^hen discharge valves act this way overa is charge takes 
place, i. e. the actual qua^^tity of water discharged 
by the pump is greater than the actual displacement of 
the plungor 'vould indicate. This phenonenon only 
occu-^s in practice of course with conpa^^ati vely high 
speeds, very low aischarga pressure ana positive suct- 
ion presjure* 

The ui3cussion of the cards in the regular runs will 
now be taken up. Perhaps the fi^st thing a person 
would notice is the difference in the diagrams of valves 
in the sai:ie deck as reg-.rds -^onn, maximum height, and 
time of rising and closing. All these differences 
are caused by differonces in xveight, initial spring 
tension and strengths of springs. One would expect, 
at first thought, that at least one valve in each deck 
would leave its seat at the beginning of f^e discharge 
stroke. Such is not the case accordi :g to the photo- 
graphic cards. From them we a^e led to believe that 
- 6;^ of t'-^e stroke on a time base, or about - 4/> of 
the actual stroke, m?.y be completed before any valve 
rises in a aeck. No very consistent increase in the 
lag is noticeable with an increase of pressure or a 
decrease of speed, although this l;.>g varies from zero 
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up to the maximum, as stated* Ijue to differe t spring 
tensions, etc., the three valves ao not rise together. 
The valve having the stiff est spring, highest initial 
tension ana -veight '.rill al'vays be the last to rise and 
the first to close if v/orking freely* It was found 
in some cases that one valve remaineu on its seat until 
20^^ of t'^e stroke was completed, the other two valves 
being a'l e to take care of the discharge at the beginn- 
ing ana end of the stroke whe-^e the instantaneous dis- 
charge was small. Of course it would be possible to 
give a valve such an initial loading, (with more than 
one valve acting), that it would fail to rise at all* 
The reasons why the cards do not show at least one 
valve in each deck rising promptly on time are as 
follows: 

1- Air may be ent-^apped and prevent an imm^idiate 
rise of pressu-^e. The inaicator cards sho'.ved this 
lag of pressure at times. (See indicator cards) . 

2- Some suction valve in the chainber may not seat 
iiLiediately from some cause and thereby allow a small 
slip thru the suction valve at the beginning of the 
di scharge st rol:e* 

3- Slight lost motion of apparatus, or rises too 
small to be observed on cards. 

4- Errors in measuring cards. 
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The time of valve oTosinf: soems to be no^^e consist- 
ent than th^.^ opening of 'he sai-ie. In all the cards 
ta!:on in the regular runs, one valve in each deck seeried 
to close just at the reversal of stroke, the other two 
valves havl^ip seated before the end of the stroke. ITo 
valve in the '^egular runs was found to close by an 
appreciable firnount after the end of the st-^oke* This 
fact is borno out by the snail .-unount of slip of the 
pump. (See Theory for angle of lag.) 

''^ith a single discharge valve equation (3(Ii) , page 

Prw 
22, ^aax = (approx) ":,=■ j gives the maximum valve 

ml IfSgb 
lift in terms of the anrular velocity of th- crank and 

the head "b" caus'.ng the aischarge through the valve. 

Of the other factors entering tho equation mis the 

only variable. Prom tho cu^V'w,piQ^te 47? between m 

and h (ta'en fi^om the article by H. Berg referred to 

above) it is evident m is essentially constant for the 

range of values which the maximum lift will have. 

^•^e may simplify the above equation thon by putting 

Fr 

= K = a constant 

ml fTi 

w 

(35) Hence hj,^^^. = K^z. 

ft 

For simplicity let h^xisx = H 
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Prom eq uation (54) p a ge 24 

m + {y/+ IT)C WW + y, C iTT 

+ 

n fY 



- um e q uax.ion y jft; ] > a gq < 

WAV + (y^ + iT)c jpn 

I f y f : 



Jail W + y^ C 

= B = a constant 

fY 

C 

fY = B]_ = a constant 



Then fb =)fB + B^h 



Substituting this value of b In the equation above 
ana squaring 

H'^^ = .--, 

B + BiH 

(36) BH^ + BiH3 = K?-^ 
An equation bet\7een naxiiimm lift cru. speed of rotation 
of the cranl: shaft* 

The expresbion for this curve could probably be put 
in more sinple form if desired by shiftinf the origin. 

The above expression applies to a purip having a 
sinfle uischarge valve and should therefore apply to 
our ;;hort-circuited run ^vith one valve wording. 

^ith only one discharge valve operating in each deck 
of the pump used for those tests, hov/ever, the action 
is modified. ■'^ith the restricted valve opening 
used, the speeds obtainable from the motor v;ere, with 
the exception of the lov;est, great enough to force the 
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valve up to its limit, or against the safety stop* 

Plate 4/0 , shows the curves between total 

maximum lift in decl: A and the speed of the crank shaft, 
for the conditions of one, two, and three valves operat- 
ing, when the pump is short-circuited* 

The curve for one valve operating becomes a horison- 
tal line as soon as the speed increases enouph to lift 
the valve to the stop. 

It will be noticed that the total maximum lift is 
not the same with a different number of valves work- 
ing for any given speed* Two causes contribute to 
this result* First, chancing tho valve seat area 
relative to the piston area. Second, the spring load- 
ing of the valves is different. 

From equation (1), page 4, 

Pu = fid or ci ^ • u 

"" fl 

we see that reducing the a'^ea of the valve seat relative 
to the piston area increases the velocity of discharge 
through the valve seat. Increasing fi relative to P 
will have just the opposite effect. And from the 
equation at the bottom of page 15 

Pi ci 
flY ^ 2g 
we see, assuming Z, practically a const.;nt for the 
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condition of maximum valve lift, the force tending to 

open the valvs varies as the sqiu-re of the velocity 

through the valve seat. 

The amount anu nature of the loading which a valve 

h^.s \7ill also affect the maxirni'i lift. 

?rom equation {05), page 67 
•.V 

substitutiiig for b itfi value, in terms of valve loading 

from equation (21) page 18 we have 
vr 

inax ~ 71, I « 

y w + s 
1 — rr 

If then the valve loading (W + S) is increased the 
maximum lift vrlll be decreased, and if the valve load- 
ing is decreased the maximum valve lift will be in- 
creased* 

Plate /6 p'age has been ta-.en from H. Berg's 
article, referred to above, for the purpose of s^^ow- 
ing these two effects* All four diagr^jns were ta]:en 
on a pump having a single discharge valve and running 
at 51 revolutions pe*^ minute. Liagrams 1 and 3, 
likewise 2 ana 4, were t alien with the same springs but 
with different plunger strok'r^s* Changing the plunger 
stroke will change the p'lunger displacement, and there- 
fore the velocity of discharge through the valve seat* 
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The maximiim valve lift is seen to increase with the 
increased velocity through the valve seat. 

Diagrams 1 ana 2 or 3 and 4 wer*e talren with differ- 
ent springs but with other conditions unchanged. These 
show the effect of valve loading on the maximum lift. 

Referring to the maxi?'ium valve lift curves again 
we conclude tho maximum valve lift increases according 
to some law with an increase in the cranJc speed; and 
that the natu^^e of this la^ is modified by the ratio 
of the valve seat area to pijton area, the loading of 
the valves, and the position of the safety stop. In 
the experimental pump the initial valve spring tensions 
were not the same and the increase of loads per unit 
compression of the springs were not identical. This 
results in complicating the law of action when several 
valves are present in one deck. 

"^e had planned to mai:e pressu-^e runs wit'^ only one 
valve in each deck operating in orde^ to compa'^e re- 
sults with one valve to those with several. An un- 
expected difficulty presented itself with this arrange- 
ment. The const ""uctlon of the pump is such that with 
one or mo^e valves blocked to their seats air pockets 
are formed in the plunger c'-.anber which fill v/ith air, 
when the pump is working on suction lift^ and coripletely 
change conditions. Tho valve lift diagram on Plate T 
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page was ta':en with this arrangement and shows the 
very late opening effect obtained when air is present 
in the plunger chanber. Had ^-e been able to put the 
suction under pressure this could have been avoided^ 
By ma^cing new pistons for the indicators this effect 
was reduced. 

Plates y^ ^2j 0^€^ ^3 show the relation between the 
3Uin of the three maximum valve lifts in the deck and the 
revolutions of the cran': shaft for decks A, B, and G, 

It \7ill be noted that discharge pressure has no 
influence on the action of the valve so far as the 
maximum lift is concerned, ana in fact any way that 
can be detected by comparing the valve diagrams. 

The theory of valve action given is based on a con- 
stant uischarge pressure, and .since the experiments 
show that discharge pressure has no influence, it will 
apply to any discharge pressure* 

The difference in the form of the curve for the three 
decks shows the effect of unequal valve loading on the 
action of the valves of the aeck as a v;hole* 

Plates ^-^ ^Sj0r9^ ^ ^ , are curves between the 
total mean or average opening in a deck ana the crank 
speed. They follow the same general form as the 
c or r'esp ending maximum lift curves, and if the latter 
is laiown the natui^e of the average opening curve can 
probably be judged from it. Digitized by CrrOOglc 



Digitized by VnOOQ IC 



73 

GOITOLUSIOIIS 

^7e conclude that the friction loss in the packing 
for the immp tested is the largest loss and the one 
subject to most variation* That adjustment of the 
packing glands iriay cause a change in this loss greater 
than all the other losses together. That the losses 
through the valves of the piunp are the principal 
portion of the loss due to the passage of the water 
through the punp. That the method used he^^etofore 
of obtaining the pover input to the pump i3 subject to 
errors as great as 5 or 6 percent. 

^e find that the action of the valves is not changed 
by varying the discharge pressure, that the maximum 
lift ana mean opening increase with the speed of the 
pump, and that t'-^is lav; of increase may be altered 
by a change in the valve loading, or in the ratio of 

the valve seat area to the piston area# 

T^e also found that the pressure necessary to raise 
a valve from its seat is not as large as would be cal- 
culated by taking the unbalanced area into consideration* 
^7e found the valve loading to differ materially for 

the different valves in the pump used. It seems 

r eg tint to 
probable that good results with^^low loss of head through 

the valve and quietness of action can only be obtained 

v/he'^e due care is taken to have the valve spt^ings '^^ necirl]/ 
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identical as possible when in position in the pump* 

From the valve diagrams we find the discharge valve 
does not open imnediately at the beglnninc of the dis- 
charge stroke but that it tends to seat just at the 
end of this stroke or very soon after. 

Vie found that v;ith the suction unaer a positive 
pressure and with the discharge under a low head the 
valves rise before the beginning of the discharge 
stroke and seat an appreciab"^e time after the point 
of reversal. This effect is more pronounced at the 
hig^:er speeds. ]n other v;ords, under certain con- 
ditions of suction ana discharge head and speed, a 
reciprocating pump of this character may pump mce 
water than the displacement of the plungers would 
indicate. 

'^ith the suction pressure less than atmospheric the 
slip was found to be small, f^om Ito '^ j>ercent. 



Digitized by VnOOQ IC 



Digitized by 



Google 



75 

BJBTJOGRAPHY 
Pump Valves and Valve Areas* A* F. Nagle. 

A. S. M. E* Vol. 31, p.953 
The Slippage of Discharge Valves. C. H. Benjanin 

Engr. U. S. A., "^Tov. 15, 1905. 
Hydraulic Experiments on a Plunger Pump. 
John Goodman 

British Institute of IJech. Engrs. 

First Vol. of 1903, p. 1?!3. 
A Gas Engine Driven Direct Pressure Pumping Plant, 
with some Experiments on Pump Valve Area* D. W. Mead. 

Jour. W. Soc. Engrs., Fob* 1902, p. 20. 
The Mechanics of Suction and Suction Pipes. D.W.Mead. 

Jour. ¥. Soc. Engrs. Feb. 1899. 
Advance Sheets of "Hydraulic Machinery" by D. W. Mead, 
Prof, of Hydraulics and Sanitary Engineering, Univ. 
of ^.7is. 1911. 
Cornish or Double Beat Valves. A. F. ITagle. 

A. S. M. E. Vol. X, p. 5P1. 
Parts of "Die Pumpen," Second Edition. I^artman-Knoke. 
Hydraulics and its Applications. A. H, Gibson* 

D. Van ^Tostrand Co. 1900. 
"Die 'Virkungsweise federbelasteter una ihre Berechnung" 
by H. Berg, Zeitshrift des Vereines Deutches Ingenieure 
Vol* 48 pg. 1093 July 1904 



Digitized by VnOOQlC 



Digitized by 



Google 



76 

The following unpublished theses in the Library of the 

University of ^'^isconsin. 

Experiments on a Duplex Power Driven Fairbanks Morse 

Punp* Edwin M. Ball, ^m* P* Mowatt and H, A. True, 

1909. 

Efficiency Test on a Dening Triplex Power Driven Pump. 

R. ¥• Muckelston and K. Slidell, 1909* 

Investigation of the Plow of '^ater through Pump Valves, 

J. H. Barth and Ifci. L. Schwalbe. 1911. 



Digitized by VnOOQ IC 



Digitized by 



Google 



P/Qte/^ 




Digitized by VjOOQIC 



Digitized by VnOOQ IC 



^/^>^^ ^ 





Digitized by VjOOQIC 



Digitized by 



Google 



Pl^l-^ ^ 



Digitized by 



Google 



Digitized by 



Google 



R/ate J. 



Digitized by VjOOQIC 



Digitized by VnOOQ IC 



Pl^tfi^ ^ 



c 



^ 

w 




S 



WM 



^ 







t 



^^^^ 






/1RR/9N3EMENT OF V/ILVES 



Digitized by VjOOQIC 



Digitized by VnOOQ IC 



Pla-ta 3 




I/O Vo/ts DC 



f Cr0ssh99d T 

— -k 



I 



o 
■o 
o 

Ol 

o 
o 
o- 






-CH 
-O- 



M 



WIRING Dm6R/IM 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Piatt 4 



V/iLV£ /fND /^TT/^CHMENT 



Z 




X 




Digitized by VnOOQlC 



Digitized by 



Google 



Pf^ffi -^ 




Digitized by VjOOQIC 



Digitized by VnOOQ IC 



^/^^^ ^ 



METHOD OF C/^UBR/^TfNG V^LVE ^SPRIN&S 




Digitized by VjOOQIC 



Digitized by 



Google 



f=*latBr 7 



DlflGR^MS SHOWING EFFECT OF /RIFt 
//V PLUNGER CHAMBER 



Ind/cQtor Card 
60^ Pressure. 




l^a/ve D/'agra/rr 

Speed B 
Of7e Valve O/oerat/no 





Digiti 



itizedbyCjOOgle 



Digitized by 



Google 



F^/nfe, a 



Time Record 



Cf OS-she ad Record 



PLUNGER 

60** S^f^ng 



CH/9MBER 




15** Pressure 




-Slow ^Speed 

•< 




/5**P. 



ressure 



4- 




Fast ^pecd 




V 



Digiti 



itizedbyCjOOgle 



Digitized by VnOOQlC j 



Pl»^^^ 9 



DISCHARGE 



PRESSURE 



S^>r/r7ff 



-sT-^VV' 



•"yjMs^ 



S/ow 



CH/fMBER 



■Speeef 




^U CI- I ON CH/fMBER 
10** SPRING 



yS/crv ^peed 




Digiti 



itizedbyCjOOgle 



Digitized by 



Google 



DI^CH^RGE PIPE 
T>S*^PRE^^URE 



P/ai-A/a 



SJoitv 'Speed 



F= 



rciA/^crr 



Fast Speed 



.SUCTION PIPE 
10^ SPRING 



•Slow Speed 




Fa^f Speed 




Digiti 



itizedbyCjOOgle 



Digitized by 



Google 



PI'^tA // 



^HORT-CIRCUIT RUNS 



TWO V/iLV£yS 



OAscharge 



OPBR/RTiNG 



Chamber 



A, 



Plunder Chamber 




Suctfon Chamber 




r-^-^ 



SHOWING VALVE L03S 
/ILL V/fLV£^ OPER/triNG 



From Plunger Chamber 



From Auction Chamber 




From Discharge Chamber 



Digit 



itizedbyCrrOOgle 



Digitized by vnOOQ IC 




Digitized by VnOOQ IC 



Digitized by 



Google 




Digitized by VnOOQ IC 



Digitized by 



Google 




Digitized by VnOOQ IC 



Digitized by VnOOQ IC 




Digitized by VnOOQlC 



Digitized by 



Google 




Digitized by VnOOQlC 



■ Digiti 



itized by Google 



,Ejtata. 



QSampJe Log Sheet -Regu/ar R c//?) 
UN/VEftS/TY OF WI3CON3//y -HYOHfiUUC UTBOR/lTOnY 
Experiment on Fa/rtan/Cs-Ma/rse /\^mp 

Data ty Corp. tiortt7, McCo///\ster' Co/npoted l?y C.HMcC. 
Date of Exper/menr ^pr. 6, /3//. 
Genera/ Data, Run /i 60 i3/ov^ 3peecf) 



A/a 



Time 



//ffy). 



Vo/is 



B/ec. 
HP 



H.P 



/?e*f 



/?./?/»f 



i^^n 



D/3.P[Si/c.P 
Ft 
/^erc 



Jft> 



F/oaf 
Ft: 



Va/ye 

Uft 

//7S. 



/ 
Z 

3 



9-30 

3-3S 

3-4^ 

9~4S 

9S0 

3-SJ- 

/O-OO 

/o-as 



2/0 
20.S 
ZOJ- 

21.0 
2/0 
Z/.O 

2as 



4.70 
4-7S 

4-80 
^QS 

4-8S 
^3S 



233/ 

sroj 

2A6S 

Bse 

30^3 
3226 
3^0 
353^ 



3S2 

36.6 
30.8 



60 

60 
60 
60 



\r-.4-S 
—.AS 
-4S 



A«^ 
4^^ 






a.o7 

Ck,.Oh 
Q,.^f6 



/fve. 
Car 



P/nfi. 



Vo/fs 



20.7S 
Z/20 



PPM. 



JBraAie £/ec 



Ljo€td 



^0.6 
^7%0 



/3.6 



9.0 



Hf? 



Bra/te 



^/7?P. 



36/ 



60 
S9 



\/o/tS 



R.PM. 



BmAt 
Load 



E/ec. 
HP 



Bnute 
H.P. 



23.0 

23F 

23.0 

2^S 

Z3S 

23S 

23S 

23.S 

23^ 

23.0 



4^77 
4&0 

4e<r 

A8S- 

4se 
'feo 



9<f 



/e/ 



/aa 



/7.S 
/7.S 

/ao 
teo 

I7.S 

ns 

/8.0 

leo 

/7.S 

/ao 



A90 
49Jr 
48S 

4es 

^85- 
A80 
48S 

^3 
4&3- 



SS 



/S6 



I8S 



233S 
23Sa 



4829 
46/0 



/6/.S 



five 
Cor. 



/S.4 



//.S 



20.5 
20.S 
20.3 
20.S 
203 

zas 
2as 
2as 
2 as 

20S 



483 
483 
48S 

48S 
483 

483 
403- 
469 
499 



80 



/7.7S 
f8lO 



483:8 
4940 



/8SJ 



Ave. 
Cor. 



Ttme 



Wait 
H«o/c 



UA, 



8.03 



Time 



Weir 
Hoo/r 






/84 



/8S 



20.3 
20.9 



4843 
4630 



/S4S 



Pve. 
Cor. 



/3.3 



3.8/ 



3-30 

9-3Zi 

9-3S 

3-37i 

3-40 

3-42A 

9-4J 

9-47i 

9'30 



.33// 
.3322 
.3332 
.3337 
.3337 
.3337 
.3338 
.3373 
3402 



9-32i 
9-SS 
3-S7i 
/0-99 

/0-oai 

l0'O3 



J4/0 
.3399 
.340^ 
.34Af 
.3403 
.3425 



j4iie. 
Cor. 



337/ 
32S7 



.364 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



1 



Digitized by 



Google 



^o 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 






Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by vnOOQ IC 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



Digitized by VnOOQ IC 



Digitized by 



Google 



Digitized by 



Google 



Acce 




1911 



Digitized by VnOOQ IC 



Digitized by VnOOQ IC 



Digitized by 



Google 



A*11010lil22H 




M9101061224a 



Digitized by VjOOQIC 



NON-CIRCULATING 



2/8/2008 




Digitized by vnOOQ IC 



Digitized by 



Google 



